Abstract: Although science fiction literature and art portray extraordinary stories of people interacting with their images behind a mirror, we know that they are not real and belong to the realm of fantasy. However, it is well known that charges or magnets near a good electrical conductor experience real attractive or repulsive forces, respectively, originating in the interaction with their images. Here, we show strong interaction between an optical microcavity and its image under external illumination. Specifically, we use silicon nanospheres whose high refractive index makes well-defined optical resonances feasible. The strong interaction produces attractive and repulsive forces depending on incident wavelength, cavity-metal separation and resonance mode symmetry. These intense repulsive photonic forces warrant a new kind of optical levitation that allows us to accurately manipulate small particles, with important consequences for microscopy, optical sensing and control of light by light at the nanoscale.
Introduction
The theory of image charges offers a useful method for solving the electric and magnetic field distributions of either a charge or a magnet near the flat surface of a perfect electric conductor (PEC) [1] . In particular, the field distribution for a charge is obtained by replacing the conductor by a fictitious charge placed at the mirror image of the real charge, but with opposite sign ( Fig. 1(a) ). For a magnet near a PEC surface, the mirror magnet has a magnetization vector that is just the specular reflection of the magnetization vector produced by the real source ( Fig. 1(b) ). We therefore conclude that the force between a charge and a PEC surface is always attractive, whereas the force between a magnet and a PEC surface is always repulsive. This simple analysis finds application to electrostatic adsorption and magnetic levitation [2] .
Here, we show that the method of charge and magnet images can be extended for understanding the effect of flat metallic surfaces on the modes of neighbouring dielectric microcavities, and theoretically show the application of these concepts to a new form of optical levitation. We follow a procedure similar to the simulation of electromagnetic (EM) modes in resonant antenna near earth ground [3] . Specifically, we use silicon colloids [4] as high-refractive-index nanometre-sized spherical microcavities because they display welldefined, sharp Mie resonances with huge scattering cross-sections [5, 6] . The microcavity modes can be envisaged as electric and magnetic oscillating multipoles. The presence of a flat metallic surface induces mirror EM multipole images. In particular, the electric-dipole (ED) mode parallel to the surface is the easiest to understand: in an electrostatic picture, the metallic surface induces an imaginary ED with antiparallel dipole moment (see Fig. 1(c) ), and consequently, the microcavity undergoes attraction towards the conductor. In contrast, a parallel magnetic dipole (MD) induces a mirror parallel magnetic dipole, which results in a repulsive photonic force (see Fig. 1(c) ). Generally speaking, multipolar optical modes in microcavities near good conductors induce attractive or repulsive forces depending on the type of resonance that is involved. The net photonic force acting on the microcavity under illumination by a laser impinging perpendicularly to the metal surface emerges from the balance between attractive and repulsive forces acting on it. The photonic force is stronger for modes producing larger scattering cross-section (e.g., modes in cavities with high refractive index such as our silicon microspheres). However, magnetic (TM) and electric (TE) resonances usually are close in wavelength, and consequently, attractive and repulsive forces tend to cancel out, except for low-order modes, which tend to be well separated (see Fig. 2 ). More precisely, magnetic-like photonic forces are dominant for low-order TM modes with strong scattering (e.g., the fundamental TM mode b11, see Fig. 2 ) and well apart from TE modes. TM modes also exhibit large magnetic response [7] . Here we demonstrate a dominant magnetic repulsive force over the electrical attractive force in silicon nanospheres when the external light is tuned near the b11 resonance. This repulsive photonic force is larger than other competing forces such as van der Waals (vdW) attraction and Brownian motion. field direction of the incident EM wave. The upper inset shows the directions of the incident (E) and (H) fields in the x-y plane (the planar surface is at z = 0). The lower inset shows the direction of (E) and (H) fields in the image, along with the corresponding electric and magnetic image dipoles. We also show the direction of the forces acting on the optical cavity originating in electric and magnetic dipoles.
Magnetism at optical frequencies has recently been achieved through elaborate metamaterials designs [8] [9] [10] [11] , and even direct evidence of the resulting magnetic field has been reported using an artificial magnetic atom attached to a probing tip [12] . In this context, our silicon nanospheres constitute a new class of magnetic atoms, capable of amplifying the magnetic component of the EM waves at optical frequencies, which in turns produces repulsive forces near a metal surface.
Photonic forces are extensively used in optical tweezers [13] [14] [15] for manipulating microparticles [16] [17] [18] . Recently, plasmons have been realized to produce intense gradient forces capable of trapping small nanoparticles [19] [20] [21] [22] [23] [24] . In these studies, low-refractive-index dielectrics are used, producing relatively weak scattering [25] . This is in contrast to our highindex nanospheres, from which we derive completely new phenomena under external illumination for wavelengths in resonance with low-order magnetic and electric optical modes near a metallic film. In this work, we show that EM field distribution of the low-order modes of a spherical optical microcavity near a metallic surface under external laser irradiation is identical to the EM field of a particle dimer in which each particle is illuminated with counter-propagating laser beams, as deduced from the mirror image method discussed above. We also report strong repulsive photonic forces four orders of magnitude larger than the particle weight (F = mg = 1.2⨉10 −3 pN) over a broad range of laser wavelengths. Importantly, the optical force acting on a silicon nanosphere can be tuned from repulsive to attractive and vice versa by selecting either the light wavelength or the gap between the sphere and the metal.
Numerical methods
We calculate both EM fields and optical forces through two methods; a) by rigorously solving Maxwell's equations using a highly convergent multiple-scattering method based upon a multipolar expansion of the fields near the sphere and an expansion in plane waves elsewhere, including reflection at the planar metal surface (MESME). This is similar to previous approaches based on the multiple multipole method [26, 27] and specific implementations for aggregates of up to thousands of spherical particles [28] ; b) by finite difference time domain simulation (FDTD) calculation using the public software (Lumerical FDTD Solutions). The results from both methods are in full agreement with each other. The dielectric constant of Au is taken from Ref [29] , while we assume a frequency independent refractive index of 3.5 and 1.6 for silicon and polystyrene (PS), respectively. The radius of the silicon sphere is set to 230 nm, so that the fundamental optical modes appear in the near-infrared (NIR) region. The optical force is obtained upon integration of the Maxwell stress tensor [30, 31] , which results in an analytical formula in terms of the multipolar field components near the sphere [32] . A plane EM wave at normal incidence with 10 mW/ߤm 2 is presumed. However, due to the small size of the microcavity only a tiny power fraction (1.6 mW) is directly impinging on the sphere.
Results and discussion
We start by inspecting the EM field distribution in the microcavity placed near a PEC surface, as shown schematically in the insets of Fig. 3(b) . Because of the high refractive index of silicon, a sphere as small as 0.46 ߤm is capable of supporting well-defined low-order Mie resonance modes (as shown in Fig. 2 ). The lowest-order Mie mode resonances (b11 and a11 in Fig. 2 ) correspond to transverse magnetic (TM) and transverse electric (TE) modes. We have plotted the EM field distribution for two wavelengths (ߣ = 1434 nm and ߣ = 1744 nm) at which TM and TE are dominant (see below). The upper plots of Fig. 3(a) (TM dipole, TMD) , show the distribution of Ex, Ez and Hy fields at 1434 nm, where the TM mode b11 is dominant. In particular, Ex shows a typical dipole feature, which demonstrates that the incident light induces an electric dipole resonance. Interestingly, Ez shows strong enhancement in the gap region, which illustrates the strong coupling existing between the sphere and the metal surface. The Hy component indicates that the incident light also induces a very strong magnetic dipole resonance in the silicon sphere. Both modes contribute to the scattering cross-section but compete with each other to produce a net photonic force (see Fig.  3(b) ). The lower plots of Fig. 3(a) show the EM field at a wavelength of 1744 nm, for which the TE mode becomes dominant (TE dipole, TED). Figure 3(c) shows the EM field distribution at the same wavelengths as in Fig. 3(a) , but for the case of a dimer consisting of two identical microcavities located symmetrically with respect the (now absent) metal interface and illuminated by counter-propagating laser beams, phase-shifted by ߨ with respect to each other, as suggested by direct application of the mirror image method. The EM fields in both microcavities at ߣ = 1434 nm (upper plots) and ߣ = 1744 nm (lower plots) have a plane of symmetry at the planar surface, while the fields in the upper semi-space are identical to those of Fig. 3(a) . Comparison between the full calculation and the image method for different modes and parameters thus results in identical field distributions. Therefore, the image method can be extended to electrodynamics when microcavities near a perfect conductor are considered. Now, we examine the resulting optical forces. The black solid curve (FDTD results) and the grey dash curve (MESME results) in the Fig. 3(b) show the optical force acting on a silicon sphere near a PEC surface (gap equal to 10 nm) as a function of incident wavelength. Positive values correspond to repulsive forces. A strong repulsive optical force opposite to the laser wave vector direction emerges in the region between 1400 nm and 1600 nm. Figure 3(d) shows the photonic force acting on two spheres irradiated by counter-propagating EM beams as the mirror image method states. The beams have a ߨ phase difference between them. The photonic force acting on the upper sphere is identical to the one calculated in Fig. 3(b) . It clearly proves that the strong photonic force of silicon sphere on PEC originates from the strong photonic interaction between silicon sphere and its mirror image. Red and blue dashed curves in Figs. 3(b) and 3(d) show the maximum fields Hy (responsible for the repulsive force) and Ez (responsible for the attractive force), indicating that the strong repulsive force dominated by the magnetic resonance. It is very difficult separating the electric and magnetic dipole contributions because strong magnetic resonances induce strong displacement E fields. However, in order to deeper understand the optical process we have separated both the electric and magnetic field component of Maxwell tensor (blue and red dotted curves shown in Fig. 3(b) ), and we have obtained similar results. (Figs. 4(c) and 4(d) ). The black solid curve (FDTD results) and the grey dash curve (MESME results) in Fig. 4(a) show the optical force on the silicon sphere as a function of incident wavelength. Clearly, a strong repulsive optical force appears in the wavelength between 1408 nm and 1624 nm. At 1490 nm, the repulsive force is about five orders of magnitude larger than the weight of the silicon sphere itself. Because most optical tweezers work in liquid phase, Figs. 4(c) and 4(d) show a more realistic scenario, in which the metal is gold and the spheres are suspended in water. The results are similar to vacuum or air. The repulsive force maximum appears slightly red shifted because of the high refractive index of water. However, the photonic force with water is about half the value of that appearing with vacuum or air. From the maxima of the Ez (blue dash curve in Fig. 4(a) , 4(c)) and Hy (red dash curve in Fig. 4(a), 4(c) ) fields, it is again clear that this strong repulsive force dominated by the magnetic resonance. For a low-refractive-index cavity (e.g., a PS sphere) of the same size as the silicon microspheres, Mie modes are much less well defined (see Fig. 2 ), and as expected, only very tiny photonic forces are observed (not shown). Finally, we estimate the degree of detectability of the forces under consideration calculating them as a function of the gap between the sphere and the mirror. We plot in the Fig. 5 the photonic repulsion as a function of gap distance. We use two different wavelength, ߣ = 1490 nm, and ߣ = 1580 nm, for vacuum and water medium, respectively. The vdW force acting on the sphere on surface can be approximated as [33] , F = Ar/(6s 2 ), where A is the Hamaker constant, r is the sphere radius, and s is the distance between the sphere and the surface. The overall Hamaker constant is approximated as 11 33 22 33 [33, 34] , where A 11 , A 22 and A 33 are the individual Hamaker constants for gold, silicon and the vacuum or water medium, respectively [33] [34] [35] . From the results of Fig. 5 , we see the vdW force is significantly weaker than the optical force (up to 2 orders of magnitude). Down to very small separations ~10 nm, the vdW force is more than twice smaller than the optical repulsive force for a laser intensity of 10 mW/ߤm 2 . Even at perfectly reachable lower intensity ~1 mW/ߤm 2 , photonic repulsion is still stronger than vdW in water case. Additionally, Brownian force is completely negligible at room temperature (10 fN). From Fig. 5 we deduce that the particle is subject to either repulsive or attractive forces depending on the gap distance. Therefore, particles of 460 nm near a gold mirror and illuminated with an external laser of the appropriate wavelength should undergo oscillatory motion around an equilibrium position of zero total force. With the particle suspended in water, friction force should dampen these oscillations and lead to stable levitation of the particle.
Conclusion
In conclusion, we have shown that the mirror image method can be extended to deal with the optical modes of a silicon microcavity excited with a laser beam and placed near a good conductor mirror, provided a proper treatment of the image is made by exciting the image cavity with the specularly reflected external light beam. The excited optical modes of the cavity strongly interact with its image beneath the metal surface, which results in attractive or repulsive forces, depending on the symmetry of the cavity modes. The sign of the force is repulsive (attractive) when the resonant mode is TM dominant (TE dominant). Remarkably, the optical force is detectable because it is much larger than the vdW force or the Brownian force. Our results have important implications for the optical manipulation of nanoparticles, which can then be used as probes to perform subwavelength microscopy. The combination of two lasers tuned to repulsive and attractive modes of the cavity, respectively, should allow exerting full control over the position of the particle by changing the ratio between the intensities of the two lasers. Additionally, the particles can be decorated with biomarkers capable of attaching to specific biomolecules. This suggests a new way of performing molecule-specific biosensing, with the advantage of a high degree of spatial control over the position of the probe. In a separate direction, a trapped particle can be regarded as a switch which interacts with probing light of a colour differing from the trapping laser, thus resulting in the control of light by light. This type of switch or modulator can reach high speeds above MHz for particles trapped in air.
